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Abstract. The transport of pro-alpha-factor from the
ER to the Golgi apparatus in gently lysed yeast sphero-
plasts is mediated by diffusible vesicles. These trans-
port vesicles contain core-glycosylated pro-alpha-factor
and are physically separable from donor ER and target
Golgi compartments. The formation of diffusible vesi-
cles from the ER requires ATP, Sec12p, Sec23p, and
GTP hydrolysis. The vesicles produced are functionally
T
RANSPORT of proteins between compartments of the
secretory pathway is mediated by small vesicles which
bud from a donor compartment and fuse with a target
compartment (Palade, 1975). Transportvesicles thatmediate
ER to Golgi transport have been identified in vivo in mam-
malian cells (Jamieson and Palade, 1967) and yeast cells
(Novick et al., 1981; Kaiser and Schekman, 1990). Mem-
brane fractions with properties suggestive ofan intermediate
compartment between the ER and the Golgi have also been
generated in vitro in mammalian (Paulik et al., 1988) and
yeast lysates (Groesch et al., 1990).
10 sec Mutations block protein transport from the ER to
the Golgi apparatus at 37°C (Novick et al ., 1980). By elec-
tron microscopy, a subset of these mutants, the class II mu-
tants (sec17, sec18, and sec22), accumulate 50-rim vesicles
and enlarged ER structures at 37°C. A second subset, the
class I mutants (sec12, sec13, sec16, and sec23), accumulate
ER structures at 37°C and block the accumulation of vesi-
cles when in double-mutant combination with any of the
class II sec genes (Kaiser and Schekman, 1990). Thus, class
I Sec proteins are thought to be required for transport vesicle
budding and class II Sec proteins, for vesicle fusion. Yeast
carrying a mutation in the ras-like gene YP77 (Gallwitz,
1983) accumulate enlarged ER and Golgi structures at the
nonpermissive temperatures (Segev et al ., 1988 ; Schmitt et
al., 1988) .
GTPyS, a nonhydrolyzable analogue of GTP, inhibits pro-
tein transport from the ER to the Golgi (Baker et al., 1988;
Ruohola et al ., 1988; Beckers and Balch, 1989) and between
mammalian Golgi cisternae (Melançon et al., 1987). Elec-
tron microscopic analysis ofintra-Golgi transport shows that
GTPyS causes the accumulation of small 80 run transport
vesicles (Melançon et al ., 1987)that bear a non-clathrin pro-
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distinct from the ER: they transfer pro-alpha-factor to
the Golgi apparatus faster and more efficiently than the
ER, they do not require Secl2p or Sec23p to complete
transfer, and transfer is resistant to GTPyS. Targeting
of vesicles to the Golgi apparatus requires Yptlp and
Sec18p. Fusion of vesicles that have targeted requires
calcium and ATP
tein coat (Malhotra et al ., 1989). In addition to an effect on
vesicle uncoating, GTPyS inhibits vesicle budding from the
trans-Golgi network (Tooze and Huttner, 1990) .
Treatment of membrane or cytosol proteins with NEM
blocks ER-to-Golgi (Baker et al., 1988; Beckers et al.,
1989), and intra-Golgi protein transport (Balch et al., 1984) .
In the latter, NEM treatment causes the accumulation of"un-
coated" transport vesicles that are bound to Golgi mem-
branes (Malhotra et al., 1988; Orci et al., 1989). Addition
of NSF (N-ethylmaleimide-sensitive factor), restores trans-
port to NEM-inhibited reactions (Glick and Rothman, 1987;
Block et al., 1988; Beckers et al., 1989) and promotes vesi-
cle fusion (Malbotra et al ., 1988). Sec18p is the yeast homo-
logue of NSF (Eakle et al., 1988; Wilson et al., 1989).
EGTA inhibits ER-to-Golgi, but not intra-Golgi protein
transport (Baker et al., 1990; Beckers et al., 1989). Inhibi-
tion is reversed in both ER-to-Golgi transport reactions by
addition of Cal+ to nanomolar levels. The sequential appli-
cation of inhibitors has demonstrated that Cal+ is required
at a late step in transport (Baker et al., 1990; Beckers et al.,
1990).
In this report we have exploited the differential inhibition
of transport caused by Sec mutant proteins and chemical in-
hibitors to identify diffusible vesicles that mediate protein
transport from the ER to the Golgi apparatus in gently lysed
yeast spheroplasts. We developed assays that independently
measure vesicle budding, targeting, and fusion, and have ex-
amined the specific protein and nucleotide requirements for
each stage.
1. Abbreviations used in this paper: gpaf, glycosylated pro-«-factor; HSP,
high speed pellet; MSP, medium speed pellet; MSS, medium speed super-
natant; NSF, N-ethylmaleimide-sensitive factors; ppaf, prepro-alpha-
factor.
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Materials
The yeast strains used in this study were RSY255 (MATE, ura3-52, leu2-3,
112), RSY281 (MATc4 sec231, ura3-52, his4-619), RSY271 (MATa, sec18-1,
ura3-52, his4-619), and sf226 (MATa, sec12-4). Cells were grown in YPD
medium (1% Bacto yeast extract, 2% Bacto peptone (Difco Laboratories
Inc., Detroit, MI), and5% glucose) toearly logphaseasdescribed in Baker
et al. (1988). All the reagents were obtained as described in Baker et
al. (1988, 1990). Sucrose was obtained from Fischer Scientific Co. (Pitts-
burgh, PA).
Preparation of Transport-competent Membranes
and Cytosol
Cells were grown at 24°C in YPD medium to early log phase (-4 ODboo/
ml; 1 ODboo unit is N107 cells) . Gently lysed yeast spheroplast membranes
were prepared as described in Baker et al . (1988) . Zb prepare cytosol frac-
tions, -2,000 ODboo units of cells were harvested by centrifugation and
washed twice by dilution in B88 (20 mM Hepes pH 6.8, 150 mM KOAc,
5 mM MgOAc, and 250 mM sorbitol) . Cell pellets were resuspended in a
Corex 30-nil glass tube, with 1 ml chilled 20 mM Hepes, pH 6.8, 5 mM
MgOAc, 50 mM KOAc, 100 mM sorbitol, 1 mM ATP, 0.5 mM PMSF, and
1 mM DTT. Glass beads (4 g) were added and the cells were lysed by 8
x 30 s periods of agitation in a VWR vortexer (Scientific Industries, Inc.,
Bohemia, NY) at full speed. Samples were mixed with 1.5 ml of 20 mM
Hepes pH 6.8, 5 mM MgOAc, 2 M KCL, 400 mM sorbitol, 1 mM ATP,
0.5 mM PMSF, 1 mM DTT, and vortexed 4 x 30 s at full speed. The ho-
mogenate was clarified initially by centrifugation at 3,000 g for 5 min and
the supernatant (3 ml) was further clarified by centrifugation at 100,000 g
for 30 min. Cytosol was desalted by filtration in a Sephadex G25 column
(15 ml, fine) that was equilibrated in B88 and 1 mM ATP The eluted protein
peak was pooled and distributed in 50-60 Al fractions which were frozen
inliquid nitrogen forstorage at -80°C. Proteinconcentration, which ranged
from 12 to 16 mg/ml, was measured by the Bradford assay and compared
to a BSA standard.
In Vitro Transport
Stage I: Translocation. For each experiment an aliquot of frozen mem-
branes (from 60 ODbpp units of cell equivalents) was thawed and washed
three times by resuspension in B88 and brief (-10 s) centrifugation in a
microfuge (Fischer Scientic Co.). Membranes were then resuspended in
an S100 yeast lysate that contained [358]methionine-labeled prepro-alpha-
factor (Baker et al., 1988) and an ATP-regenerating systemin final volumes
of either 160 or 80 pl. The final concentration of components in a 25-1d
translocation reaction was 375-500 pg membranes (measured by the method
ofLowry (1951), modified to contain SDS), 90,ug of yeast S1001ysate, 50
AM GDPmannose, 1 mM ATP, 40 mM creatine phosphate and 200 lag/ml
creatine phosphokinase, all dissolved in B88. The mix was incubated for
15 min at 10°C to allow posttranslational translocation, cooled to 4°C, and
washed with 1 nil B88 and centrifuged in a microfuge. Membranes were
then resuspended in 1 ml B88 and mixed by rotation at 4°C for 7 min. A
final pellet fraction was resuspended in B88 at a concentration of 150 to
200 kg per 10 Al .
Stage II: Transport. Stage II incubations (25 Pl) contained 10 Al of stage
I membranes, 90 gg of cytosol (preincubated for 5 min at 29°C), 50 AM
GDP-mannose, 1 mM ATP, 40 mM CP, 200 Ag/ml CPK, all in B88. The
amount/concentration of other chemicals added per reactions was: 1 pg
antiYptlp Feb fragments, 0.66 tcg of yeast Yptlp isolated from Fscherichia
coli (Baker et al ., 1990), 20,uM GTPyS t 1 mM GTP; 10 mM NEM t
20 mM DTT; 5 mM EGTA/600 AM MnC12 t 250 AM CaC12 . The con-
centration of free ions in this EGTA buffer was estimated to be -63 nM
calcium and -10 nM manganese using a modified version ofthe computer
program described by Robertson and Potter (1988).
For all time courses, a 200 Al stage II mix was prepared and aliquoted
in 25 Al portions into 0.5 ml microfuge tubes. The tubes were incubated
at either 0, 20, or 29°C for the indicated times. Each tube represented one
time point. Reactions were terminated by placing each tube at 0°C until the
last time point was taken. After the completion ofthe time course eachtube
was fractionated bycentrifugation for 37 s inamicrofuge (Fischer Scientific
Co.). A 15-gl medium speed supernatant (MSS) fraction was taken and the
remaining MSS was aspirated. The medium speed pellet (MSP) fractions
were resuspended to 25 Al and 15 Al was processed. Each fraction was
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treated with 250 kg/ml trypsin for 10 min at 4°C and then with 250 pg/ml
trypsin inhibitor for >5 min at 4°C. SDS was added to a final concentration
of 1% and the tubes were heated at 95°.C for 7 min. Equal aliquots from
each tube were treated'with either Con A-Sepharose or protein A-Sepha-
rose coupled with anti-a1,6 antibody as described by Baker et al. (1988).
Pro-alpha-factor constitutes the only radiolabeled protein. The radioactive
immunoprecipitates were heated to 95°C in 1% SDS for 7 min and dis-
solved in Universol ES scintillation fluid (ICN Biomedicals, Irvine, CA) for
quantitation in a scintillation counter.
Stage III: Transport Intermediate Chases. Yptlp Feb and Cat+-
requiring intermediates were generated at 20°C in large (200 A1) stage II
incubations using wild-type or mutant lysates as indicated. At the end of
stage u incubations, the reactions were fractionated by centrifugation in a
microfuge (Fischer Scientific Co.) for 1 min at 4°C. A 150-141 MSS fraction
was taken from the meniscus. Each 150 Al MSS fraction was further cen-
trifuged at 88,000 g for 15 min at 4°C to generate ahigh speedpellet (HSP).
The HSP fractions were resuspended in B88 in the case of Yptlp Feb inter-
mediates or in EGTA/Mn" buffer in the case of Cat+-requiring intermedi-
ates. AnATPregenerating system, cytosol, and fresh membranes were sup-
plied to the Yptlp Feb intermediate to the same concentrations as in a stage
II incubation. Unless otherwiseindicated, ATP and calcium (250 AM) were
added to the chase incubations that contained the Cat+-requiring inter-
mediate. Chemical inhibitors were used at the same amount/concentration
as described for stage II incubations. Completed stage III incubations were
chilled on ice, mixed with SDS to 1%, and heated to 95°C for 7 min. Equal
aliquots from each tube were processed as described for stage II reactions.
Fractionation in Sucrose Gradients
MSS fractions (150 Al) were obtained from large incubations. Each MSS
fraction was mixed with either 50 Al of B88 (-salt) or 50 Pl of B88 plus
3.6 M KCL (+salt) and further incubated for 5 min at 20°C. The mix was
then cooled and loaded on top of a sucrose gradient with a log-linear distri-
bution ofsucrose from 15 to 45 % (wt/wt) in B88. The gradients were then
centrifuged at32,000 rpm for2 h at4°C in a rotor (model SW50.1; Beckman
Instruments, Inc., Palo Alto, CA). Gradient fractions were collected from
the top into 36 x 150 Al fractions. The densities of every other fraction
were measured in a Zeiss refractometer and expressed as percent (wt/wt)
sucrose. The [ISS]gpaf content of every other fraction was determined by
Con A and anti-a1,6 mannose/protein A precipitation as before (Baker et
al., 1988) .
The log-linear sucrose gradients were prepared by overlaying at room
temperature 0.4 ml of 55% (wt/vol) sucrose, 0.5 ml of 40% sucrose, 0.5
ml of 30% sucrose, 1.2 ml of 25% sucrose, 1.2 ml of 20% sucrose, and
1.2 ml of 15 % sucrose in a 5.3 ml Ultraclear Beckman thin wall tube (Beck-
man Instruments, Inc.). This step gradient was then centrifuged for 3 h at
32,000 rpm ina rotor (SW 50.1; Beckman Instruments Inc.) at 4'C to create
a smooth sucrose gradient.
Quantitative Translocation Assay
The fractions tested for translocation activity were generated in a "mock"
stage II reaction that lacked radioactive precursor. Samples representing
each timepoint were fractionated in a Fischer microfuge (Fischer Scientific,
Pittsburgh, PA) as described for stageu incubations to generate 15 Al MSP
and MSS fractions. A 5-Al aliquot of each MSS and MSP fraction was
mixed with 5 Al of an S1001ysate containing [358]methionine-labeled pre-
pro-alpha-factor, an ATP-regenerating system, and B88 in a final volume
of25 Al. The mix was then incubated for 30 min at20°C to allow transloca-
tion. The completed reactions were cooled, SDS was added to 1%, and the
mix heated at 95°C for 7 min. Translocated core-gpaf was quantified by
Con A precipitation and scintillation counting. This translocation assay is
linear in the range of membrane concentrations used.
Results
Review ofIn Vitro Reaction
Protein transport from the ER was reconstituted in gently
lysed yeast spheroplasts (membranes) using radiolabeled 35S-
pre-pro-alpha-factor (ppaf) as a marker secretory protein
(Baker et al., 1988) . The marker is posttranslationally trans-
located into the lumen of the ER during a 15 min incubation
at 10°C (stage 1) . Once in the ER lumen, pro-alpha-factor
220is glycosylated with three N-linked core-carbohydrate chains .
Membranes are separated from untranslocated precursor by
centrifugation, then incubated at 20°C with a cytosol frac-
tion, an ATP-regenerating system, and GDP-mannose (stage
11) . During this stage, core-glycosylated pro-alpha-factor
(core-gpaf) is transported to the Golgi apparatus where it is
further modified with "outer-chain" mannose residues in a1,6
linkage. All glycosylated forms of pro-alpha-factor (gpaf)
bind to the plant lectinConA whereas all outer-chain modi-
fied forms of gpaf bind to antibodies specific for al,6 man-
nose linkages (Franzusoff and Schekman, 1989) . Transport
efficiency is expressed as the ratio of radiolabeled gpafpre-
cipitatedwithouter-chainantibodies to totalgpafprecipitated
with ConA . We previously showed that transport reaches
25% efficiency, requires cytosol, ATP,GTP hydrolysis, Cal+,
Sec23p, and Yptlp, and exhibits a 6-10-min lag phase (Baker
et al ., 1988, 1990) .
After completion ofan in vitro transport reaction, most of
the ER, marked by NADPH cytochrome c reductase activ-
ity, sediments to a pellet during centrifugation at 7,600 g
whereas most ofthe outer-chain-modified gpafaccumulates
within a compartment that sediments more slowly and re-
mains in the supernatant (Baker et al., 1988) . Based on the
observation that outer-chain growth is incomplete in vitro
(Franzusoffand Schekman, 1989) we believe that outer-chain
gpafaccumulates within an early Golgi compartment, possi-
bly because the requirements for transport to a distal Golgi
compartment are not met by the conditions of our incu-
bation .
Pro-alpha-factor IsPackaged into
a Pbst-ER Compartment
Given the difference in sedimentation of the ER and Golgi
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Figure 1. Pro-alpha-factor is packaged into
a slowly sedimentingpost-ER compartment
during in vitro transport . (A) Stage Imem-
branes containing 3IS-gpafwere mixedwith
90 pg of cytosol, an ATP regenerating sys-
tem and GDP-mannose . Portions (25 jl)
were distributedinto 0.5-ml microcentrifuge
tubes and incubated at 20°C for various
lengths of time (stage II) . The zero time
point remained at 0°C throughout . Chilled
samples were then fractionated into medi-
um speed pellet (MSP) and medium speed
supernatant (MSS) fractions . Each fraction
was treated with trypsin and then trypsin in-
hibitor. The protease treated reactions were
heated in 1% SDS and the glycosylated pro-
alpha-factor quantified as described in Ma-
terials and Methods . The zero time point of
the MSS (always G10% ofmaximum signal)
was subtracted asbackground from the other
MSS fractions to obtain the values shown .
(B) A two-stage reaction without added ra-
diolabeledprecursor was performed as in A .
The reactions were fractionated into MSS
andMSPfractions and the translocation ac-
tivity ofeach was measured as described in
Materials and Methods . The activity in the
MSS fraction at time zero (3% of maximum)
was subtracted as background from the val-
ues obtained in the other MSS fractions .
compartments, we examined slowly sedimenting membrane
fractions generated early in a transport incubation for evi-
dence of a vesicular intermediate that contained core-gpaf .
The production of slowly-sedimenting membranes contain-
ing gpaf (Fig . 1 A, top), and depletion from the pellet frac-
tion (bottom), was monitored during a stage 11 incubation .
To ensure that only membrane-enclosed gpaf was quantified,
fractions were treated with trypsin to degrade material re-
leased by membrane rupture . gpaf was not inherently tryp-
sin resistant because it was degradedwhen detergent was in-
cluded to lyse membranes . Of the total gpaf, 45% was
released to the supernatant fraction and of this, 40% re-
ceived outer-chain carbohydrate . The appearance of gpaf in
the supernatant fraction occurred with no lag whereas outer-
chain gpafbegan to accumulate only after 15 min . Thus, the
two forms of gpaf appeared in the supernatant fraction with
different kinetics, suggesting that a vesicle intermediate con-
taining core-gpaf was released from the rapidly sedimentable
membrane en route to the Golgi apparatus, located mostly
in the supernatant fraction . SDS-PAGE and autoradiography
of the material released early showed it to consist strictly of
core-glycosylated gpaf (not shown) .
The membrane-enclosed gpaf that was released was not
derived by nonspecific fragmentation ofthe ER . A mock in-
cubation lacking 'SS-ppcef was fractionated at intervals and
membranes in the supernatant and pellet fractions evaluated
for the ability to form new gpaf (Fig . 1 B) . Essentially all
(>95 %) of the translocation activity, a marker of ER, was
preserved and continued to sediment in the pellet fraction .
Furthermore, release of membrane-enclosed gpaf into the
supernatant fraction required cytosol and ATP at an opti-
mum temperature range between 20 and 29°C (Fig . 2) indic-
ative of a specific cellular process .
Fig . 3 is a cartoon of the in vitro transport reaction . The
22 1Figure 2 . Requirements for the release of pro-alpha-factor in a
slowly sedimenting compartment. After stage I, membranes were
washed twice and aliquoted into tubes that contained the indicated
components . To the tubes containing no ATP, apyrase (0.25 U) was
added to hydrolyse residual ATP; these tubes were supplemented
with 50,uM GDP-mannose, normally added in the ATP regenera-
tion mix . The reactionvolumes were adjusted to 25 A1 with reaction
buffer. After 75-min incubations at different temperatures, each
sample was fractionated, protease-treated and processed as de-
scribed in Fig . 1 A .
ER remains associated with the broken cells and sediments
rapidly (MSP) in a microcentrifuge while ER-derived vesi-
cles are released from the cells before they target and fuse
with the Golgi apparatus which also fractionates mostly in
the supernatant (MSS) fraction . To establish the authenticity
of this model temperature-sensitive Sec proteins and chemi-
cal inhibitors were tested for their ability to block differen-
tially these reactions . For convenience, the results are sum-
marized in the diagram .
Distinct Requirementsfor VesicleBuddingand Fusion
To distinguish the processes that generated slowly sediment-
ing membranes that contained core- and outer-chain forms
of gpaf, we evaluated their appearance in lysates of sec mu-
tant strains that are defective in the production or consump-
tion of ER-derived transport vesicles (Kaiser and Schekman,
1990) . The kinetics of release of membrane-enclosed gpaf
(Fig . 4, circles) and formation of outer-chain-gpaf (Fig . 4,
triangles) was monitored at 20 and 29°C, temperatures
judged to be permissive and restrictive, respectively, for
sec12, sec23, and sec18 lysates . The formation of outer-
chain-gpaf proceeded more rapidly at 29°C than at 20°C in
wild-type lysates (Fig . 4 A, right) . In sec12 and sec23 lysates
this transport was reduced by 75%, and in sec18 by 50
(Fig . 4, B-D, right) . Although higher temperatures further
reduced the extent of transport in mutant lysates, reactions
with wild-type components also were less efficient .
Release of membrane-enclosed gpaf into the supernatant
fraction was also more rapid at 29°C than at20°C in wild-
type lysates (Fig. 4 A, left) . No defect in the release was de-
tected in incubations containing sec18 membranes and
cytosol (Fig . 4 D, left) . secl2 and sec231ysates showed a con-
siderable reduction, 75 and 60% respectively, in the final ex-
tent of release of gpaf at 29°C relative to 20°C (Fig . 4, B
and C, left) . Some of the gpafreleased early in sec12 incuba-
tions was returned to a rapidly sedimenting form . The initial
rate of gpaf release in sec/2 and sec23 lysates was not re-
duced, perhaps reflecting a lag in the inactivation ofthe mu-
The Journal of Cell Biology, Volume 114, 1991
Figure 3 . A diagram of the in vitro transport reaction and the pro-
posed roles of Sec and Yptl proteins, GTP and calcium . It depicts
the order of events in ER-to-Golgi transport .
tant protein . Unfortunately, preincubation of mutant or wild-
type membranes at 29°C under conditions of no budding
(e.g., no ATP) caused membranes to lose transport activity.
Taken together, these results suggest that Secl2p and Sec23p
are required to generate a slowly sedimenting membrane
that contains core-gpaf whereas Sec18p is required for the
transfer of this species to the compartment that assembles
outer-chain carbohydrate .
Differential sedimentation analysis was also used to exam-
ine the effect ofchemical inhibitors of transport on the gener-
ation and consumption of the slowly sedimenting membranes
that contained core-gpaf . Formation ofouter-chain gpaf was
inhibited by Feb fragments of an antibody raised against
Yptlp (Baker et al ., 1990), by chelation of Cal+ with EGTA,
by treatment ofmembranes and cytosol with NEM, and by
incubation in the presence ofGTPyS (Fig . 5, right panels) .
In each case, inhibition was prevented by a specific antidote
(Fig. 5 A, excess Yptlp ; B, Cal+ ; C, DTT ; D, GTP) . The
generation of slowly sedimenting membranes containing
gpaf was not affected by the first three inhibitors . GTPyS,
however, reduced by 94% the initial rate ofproduction ofthis
slowly sedimenting species, but reduced the final extent of
production by only 40% . Taken together, these results sug-
gest that Yptlp, Cal+, and an NEM-sensitive protein perform
roles in the consumption but not formation of a putative
vesicular intermediate in protein transport from the ER .
GTP hydrolysis, however, seems to be important both in the
formation and consumption of diffusible vesicles .
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Transport Blocks Cause theAccumulation
ofER-derived Vesicles
Rexach and Schekman ER-derived Protein Transport Vesicles
A further distinction among the various "fusion" transport
blocks was revealed by velocity sedimentation in sucrose
gradients ofmembranes in the supernatant fractions from in-
hibited reactions. Gradient separation was designed to test
whether the membranes that contained core-gpaf were at-
tached or separate from the membranes that contained outer-
chain gpaf. Membranes were distinguished by their content
of core-gpaf (Con A-precipitable 'SS-gpaf corrected by
subtraction of outer-chain antibody precipitable 35S-gpaf)
or outer-chain gpaf. Membranes that contained outer-chain
gpaf represent a compartment of the Golgiapparatus (see re-
view of in vitro reaction).
Membranes collected in the supernatant fraction ofa 20°C
incubation of wild-type components sedimented fast in a
15-45 % (wt/wt) sucrose gradient, approaching an equilib-
rium density in fraction 30 (Fig. 6 A). The pattern of sedi-
r
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Sec proteins block vesicle bud-
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containing wild-type or mutant
fractions were performed at 20 or
29°C as indicated or at 0°C for
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rial released into the supernatant
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The release of gpaf is plotted in
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mentation of core- (Fig. 6 A, open circles) and outer-chain
gpaf (closed triangles) were superimposed with a slightly
greater fraction of the core-gpaf in the more slowly
sedimenting fractions. Calcium chelation, which blocked
formation of outer-chain gpaf, nevertheless produced core-
gpaf-containing membranes that sedimented to the position
of the Golgi compartment (Fig. 6 B).
A different spectrum of membranes was produced with
other inhibitors. Membranes collected in the supernatant
fraction when transport was blocked with antiYptlp F~, sedi-
mented slowly, centered about a peak at fraction 17 (Fig. 6
C) . A similar pattern (peak fraction at 19) was seen with
NEM-treated membranes and cytosol (Fig. 6 E) . In this
case, residual outer-chain gpaf produced in spite of the
NEM treatment sedimented near the bottom of the gradient
as in a normal reaction.
The production of slowly sedimenting membranes that
contained core-gpaf was delayed but not dramatically re-
duced by incubation with GTPyS (Fig. 5). After a 90-minD
minutes
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incubation, the released material sedimented on a sucrose
gradient to the same position as untreated membranes (data
not shown) . However, treatment of membranes with 0.9 M
KCL for 5 min at 20°C before centrifugation caused the
membranes to sediment more slowly as a uniform peak cen-
tered around fraction 17 (Fig. 6 D). GTP-yS-inhibited mem-
branes may accumulate as aggregates that are dispersed by
increased ionic strength, or as vesicles bound to the Golgi
apparatus through electrostatic interactions. The pattern of
sedimentation of membranes generated in uninhibited reac-
tions or in Call-depleted reactions was not affected by incu-
bation with 0.9 M KCL before centrifugation (data not
shown).
Membranes and cytosol prepared from sec18 were in-
cubated at 29°C and compared to wild-type fractions treated
similarly. Under these conditions the mutant reaction was
only 50% blocked (Fig. 4 D), however a large difference in
the fraction of core-gpaf sedimenting slowly in the sucrose
gradient was observed (Fig. 6, F and G). A peak of core-
gpaf, centered at fraction 15, accumulated at 29°C in incu-
bations ofthe mutant lysate. Outer-chain-gpaf, produced be-
cause the mutant block was not completely restrictive,
SEC+
+Yptlp
￿
Fab's
+EGTA/Mnz+
Figure S. Chemical inhibitors block vesicle
budding or fusion. Stage II reactions were
performed at 20°C using wild-type compo-
nents with chemical inhibitorsas indicated.
The inhibitors were added at time zero of
stage11: 1 NAg Yptlp F,b fragments f 0.66 kg
yeastYptlp isolated from E. coif (A); 5 mM
EGTA/600 wM MnC12 buffer f 250 pM
CaC12 (B); 20 pM GTPyS t 1 mM GTP
(D). For the NEM-inhibitedreaction, mem-
branes and cytosol weretreated with 10 mM
NEM for 10 min at 4°C in the presence or
absence of20 mM DTT followedby incuba-
tion with 20 mM DTT for 5 min at 4`C to
quench unreacted NEM. After treatment,
the ATP regeneration system was added, the
mix was aliquoted, and thetubes were incu-
bated at 20°C (C). Appearance of gpaf in
+GTP yS
￿
the MSS fraction is plotted in the left panels
and detection of outer-chain gpaf in the
MSS is plotted in the right panels. The zero
time pointof each set of MSS samples was
subtracted as background from the corre-
spondingMSS fractionstoobtain thevalues
shown. In all cases, uninhibited transport
was -25% efficient.
NEM treated
sedimented at the normal position near the bottom ofthe gra-
dient.
The results of sedimentation analysis showed that a slowly
sedimenting vesicle, distinct from the Golgi compartment in
which outer-chain is assembled, accumulates when the func-
tion of Yptlp, Secl8p, or an NEM-sensitive component(s) is
inactivated. Although the rate of production of this species
is greatly reduced by incubation in the presence of GTPyS,
a vesicle that is distinct from the Golgi compartment also ac-
cumulates. Call is required at a later step, after the vesicle
intermediate adheres to the Golgi compartment.
Consumption of Transport Intermediates
Completion of transport, measured by formation of outer-
chain-gpaf, was detected when the core-gpaf-containing
membranes accumulated in the presence of Yptlp antibody
Fab fragments or EGTA were incubated with fresh compo-
nents. Membranes in the supernatant fraction of reactions
performed in the presence ofthese inhibitorswere centrifuged
at 88,000 g for 15 min to create high speed pellet fractions
devoid of soluble components. Membrane pellets were then
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Figure 6. ER-derived vesicles andthe Golgiapparatus areresolved
by velocity sedimentation in sucrose gradients. Scaled-up MSS
fractionsobtained from stage II reactions that were blockedin vesi-
cle fusion were analyzed by velocity sedimentation in sucrosegra-
dients. TheMSS fractions were treated with salt (0.9 M KCL final
concentration) or not before sedimentation (see text). Fractions
were collected from the top. The density and the gpaf content of
everyother fraction were quantified as described in Materials and
Methods. Opencircles representcore-gaaf. Closed triangles repre-
sent outer-chain modified gpaf. The black dots representpercent
(wt/wt) sucrose. Cytosolicproteins did not enterthe gradient and
remained in the top three fractions.
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Figure 7. Reversible blocks: completion of transport from the
Yptlp-Feb and Call-requiring intermediates. Large stage II reac-
tions blocked with antiYptlp Feb fragments or EGTA were frac-
tionated in a microcentrifuge. Each supernatant fraction, which
contained the intermediate compartment, was further centrifuged
at 88,000 g for 15 min to generate a HSPdevoid of soluble proteins
and inhibitors. The pellet fractions were resuspended in thepres-
ence offreshcytosol, membranesand an ATPregeneration system,
for thecase of theYptl-F.b intermediate, or in the presence of an
EGTA/Mnz+buffer with Cal* and an ATPregeneration system for
the case of the Caz+-requiring intermediate. Transport intermedi-
ates were chased for various intervals at 20°C. A tube incubated
at 0°C served as a negative control for transport during stage III
and reflected background transport from stage II. Transport was
quantified by precipitationandscintillation counting. Thevalueob-
tained from the 0°C incubation was subtracted from the other
values as background. The Con A-precipitable counts averaged
3,839 cpmforthe Yptlp Feb intermediate chaseand 3,555 cpm for
the Cat+-requiring intermediate. A time course of transport from
the ER/10°C intermediate is plotted for reference; Con A-precipi-
table averaged 3,941 cpm. To present adirect comparison oftrans-
port efficiencies, thetime coursesplotted were normalized to 4,000
Con A-precipitable cpm, which standardized the maximum core-
gpaf available for transport from each intermediate. (A) 10°C in-
termediate; (o) Yptlp-Fab intermediate; (9) Call-requiring inter-
mediates.
resuspended in reaction buffer and incubated with various
additions (stage III incubation). OptimumstageIII transport
from the Yptlp-Feb intermediate was achieved at 20°C in the
presence of freshcytosol andmembranes, andrequired ATP
(not shown). Formationof outer-chain-gpaf was more rapid
and efficient (34 vs. 26%) starting from this intermediate than
in a typicalstageII incubation starting from theER/10°C in-
termediate (Fig. 7) .
Transport from the Caz+-requiring intermediate required
ATP, and was optimal at temperatures between 20 and29°C
in thepresence of Caz+. Transport was notstimulated by the
addition of fresh membranes or cytosol (not shown). Con-
sumption of this intermediate at 20°C was fast and reached
40% efficiency (Fig. 7). Thetypicaltransport lag phase seen
in stage II incubations was absent in stage III incubations
(Fig. 7).
Consumption of the transport intermediates was also
tested forSecprotein dependence andsensitivity to chemical
inhibitors. Completion of transport from the Yptlp-Feb in-
termediate was blocked by fresh addition of antibody frag-Figure 8 . Chase of Yptlp-F.b (A and B) and Call-requiring (C and
D) transport intermediates, in the presence of chemical inhibitors
or Sec mutant proteins . (A) A Yptlp-F.b intermediate/HSP frac-
tion generated in awild-type lysate at 20°C was resuspended with
ATP, cytosol, and fresh membranes andincubated in the presence
of various chemical inhibitors or treated with NEM before the
chase period . The concentration of inhibitors and theNEM treat-
mentare thesame as described for Fig.5 . Thereactions were termi-
natedandprocessedas described in Fig . 7 . The results are plotted
as percent of maximum transport . Maximum transport was ob-
tained in a parallel chase without inhibition (not shown) . Back-
ground transportfrom stage II was subtracted to obtain the values
plotted . (B) Yptlp-Feb intermediate/HSP fractions were generated
in wild-type and mutant lysates at 20°C and were mixedwith ATP,
cytosol, and freshmembranes from each mutant, respectively. The
required components were pretreated for 10 min at 20 or 29°C be-
fore mixing with the HSP fractions . Pretreatment of theHSP frac-
tions before mixing with the required components yielded thesame
results . The reactions were performed at 20°C for 65 min and
processed as described in A. Transport at 20°C represents maxi-
mumtransport . Background transportwas corrected as above . (C)
A Caz+-requiring intermediate/HSP fraction generated in a wild-
type lysate at 20°C was resuspended in EGTA/Mnz+ buffer and
aliquoted to tubes containing ATP, calcium (250 )M), and the vari-
ous inhibitors . Calciumwas omitted where indicated. Theconcen-
tration of inhibitors andNEMtreatment are the same as described
in Fig . 5. The chase incubations were performed at 20°C during
75 min andprocessed as described in A . Maximum transportwas
obtained in a parallel chase without inhibition (not shown) . Back-
ground transport was corrected as above . (D) Cal'-requiring in-
termediate/HSP fractions were generated in wild-type and mutant
lysates at 20°C and resuspended with EGTA/Mnz+ buffer contain-
ing ATP . The tubes were incubated at 20 or 29°C for 20 min and
then calcium (250 ttM) was added and the reactions were further
incubated at 20 or 29°C for 55 min . Transport at 20°C represents
maximum transport . Background was corrected as above .
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ments, byEGTA, andby treatmentofmembranesand cytosol
with NEM (Fig . 8 A) . Chase of the Cal+-requiring inter-
mediate was insensitive to anti Yptlp Feb fragments, but was
inhibited in the absence of calcium or by NEM treatment
(Fig . 8 C) . GTPyS had no effect on either stage III incuba-
tion . Chase of theantibody blockwas not affected by incuba-
tion of wild-type, sec12, or sec23components at 29°C prior
to a stage III reaction, but was reduced 50% in sec18 frac-
tions. This reduction wassimilar to the effect of sec18on the
overall stage II reaction (Fig . 4 D) . Chase of the Caz+-
requiring intermediate was not diminished in stage III incu-
bations preincubated and conducted at 29°C with compo-
nents prepared from sec12, sec23, or sec18. Taken together
these results suggest that consumption of a stable transport
intermediate requires the sequential action of Yptlp, Sec18p,
and Caz+, and that Secl2p and Sec23p are not required for
transport from the vesicular intermediate .
Discussion
We have exploited ayeast cell-free protein transportreaction
to define avesicular intermediate that carriescore-gpaffrom
theER to the Golgi apparatus . The transport vesicles sedi-
ment distinctly from theER and Golgi membranes, and are
devoid of protein translocation or outer-chain carbohydrate
modification activities which mark the ER and the Golgi
membranes, respectively. We find that the formation of dif-
fusible vesicles from theER requires ATP, GTP hydrolysis,
and cytosol, but does not require Caz+ or an NEM-sensitive
protein . Delivery of vesicle contents to the Golgi apparatus
also requires ATP, cytosol, but in addition requires anNEW
sensitive protein(s) and Caz+ . Specific protein requirements
were revealed by inhibition of Sec protein function . Secl2p,
an integralERmembraneglycoprotein (Nakano et al ., 1988),
and Sec23p, a peripheral membrane protein (Hicke and
Schekman, 1989), are required for vesicle budding; Secl8p,
a cytosolic and peripheral membrane protein (Eakle et al .,
1988), and Yptlp, cytosolic and on the surface of the Golgi
apparatus (Molenaar et al ., 1988 ; Segev et al ., 1988), are
required for vesicle targeting .
A summary of the findings from the cell-free reaction is
shown in Fig . 3 . This work demonstrates biochemically the
existence of an intermediate compartment between theER
and the Golgi apparatus, assigns a novel role for Yptlp and
Sec18p in vesicle targeting, andpresents evidence forthe role
of multiple GTP-binding proteins in one round of vesicular
transport.
Infusible Transport Vesicles
Transport vesicles that accumulate in sec18incubations or in
the presence of inhibitors (Yptlp antibody Feb fragments,
GTPyS, NEM treatment) sediment more slowly (N180S)
thanERandGolgimembranes (>300S), marked respectively
by translocation activity and content of outer-chain-gpaf .
Could these vesicles represent a subcompartment of the ER
devoid of translocation activity or a cis-compartment of the
Golgi, rather than a transitional vesicle? Threearguments fa-
vor the transitional vesicleassignment . First, sec18 cells ac-
cumulate 50-nmvesicles in addition toER tubules at the re-
strictive temperature (Kaiser and Schekman, 1990) . These
vesicles are intermediates in protein transportbecause their
226appearance in vivo depends upon prior action of SEC genes
required for vesicle formation. Incubationofsec18lysates at
the restrictive temperature produces slowly sedimenting
membranes that contain core-gpaf and are devoid oftranslo-
cation activity. Because the reaction conditions are not com-
pletely restrictive, some outer-chain gpaf is produced and
accumulates within a compartment that sediments more rap-
idly (Fig. 6 G) . Thus, the slowly sedimenting vesicle species
that accumulates is not bound to the Golgi compartment de-
fined by its content of outer-chain gpaf. Likewise, reactions
inhibited by NEM treatment produce slowly sedimenting
membranes as well as membranes that sediment fast and con-
tain outer-chain gpaf. Second, it is unlikely that the vesicles
represent a subcompartment of the ER because completion
of transport from the slowly sedimenting intermediate does
not require the function of Secl2p and Sec23p (Fig. 8) which
are required forvesicle formation from the ER in vivo (Kaiser
andSchekman, 1990)and in vitro (thiswork). Third, comple-
tion of transport from the vesicle intermediate proceeds
efficiently in the presence of GTPyS. If the vesicle interme-
diate was a specialized region of the ER or a cis-compart-
ment ofthe Golgi, completion oftransportto the siteofouter-
chain addition would involve a complete cycle of vesicle
budding and fusion and would likely be inhibited by GTPyS,
an inhibitor of many reconstituted vesicle-mediated trans-
port events (reviewed by Balch, 1989).
We suggest that Sec18 and Yptl proteins function to pro-
mote or maintain the attachment of transport vesicles to
the Golgi membrane since inhibition of either one results in
the accumulation of ERderived vesicles not firmly bound
to the Golgi membranes. Given the selective localization of
the members of the Yptl/Sec4 family of proteins (Chavrier
et al., 1990) it is possible that Yptlp forms part of a specific
targeting signal whereas Secl8p forms part ofa more general
membrane attachment machinery.
The conclusion that Secl8p functions in vesicle attach-
ment differs somewhat from the role in membrane fusion
proposed for its mammalian homologue, NSF (Malhotra et
al., 1988). Malhotra et al . found that inactivation of NSF by
NEM treatment leads to the accumulation of uncoated Golgi
vesicles firmly bound to target Golgi cisternae. This is inter-
preted as an intermediate stage in vesicle fusion. However,
unlike the situation we find with diffusible transport vesicles
derived from the ER, vesicles that mediate transport within
the Golgi complex seem always to be bound to a donor or
acceptor cisterna. If one assumes that some cytosolic struc-
ture assures the local retention of Golgi-derived vesicles,
then NSF may perform the docking function we propose for
Secl8p.
Experiments designed to reveal the sequence of require-
ments for consumption ofthe vesicle intermediate show that
the Call-dependent step is late, after the Yptl/Secl8 step
(Fig. 8). Reactions blocked by chelation of Caz+ accumulate
core-gpafin a compartment that sediments to the same posi-
tion as Golgi membranes (Fig. 6 B) . Caz+ chelation may
cause the accumulation of vesicles firmly docked on the
Golgi membrane, thus implicating Caz+ in vesicle fusion
but not targeting. Alternatively, Ca2+ chelation may prevent
outer-chain glycosylation of core-gpaf in the lumen of the
Golgi apparatus. The second possibility is difficult to recon-
cile with the observation that formation of outer-chain gpaf
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from the Caz+-requiring intermediate requires ATP and is
inhibited by NEM.
GTPBinding Proteins
At least two stages, vesicle release and targeting, require
GTP hydrolysis or a small GTP binding protein in the cell-
free transport reaction described here. The nonhydrolyzable
analogue GTPyS introduces a 20-30-min lag phase in vesi-
cle release (Fig. 5 D). This delay may reflect an inhibition of
vesicle budding or may result from the production of vesicle
aggregates which dissociate with time. Alternatively, GTPyS
may slow the rate of packaging of core-gpaf into vesicles.
Tooze and Hutmer (1990) also reported that vesicle bud-
ding or release from the trans-Golgi network is inhibited by
GTPyS.
Longer incubations in the presence of GTPyS result in
significant vesicle release. Vesicles formed in the presence
of the analogue are defective in delivering core-gpaf to the
Golgi for outer-chain addition even after removal of GTPyS
and addition of fresh components and GTP (not shown).
These vesicles may be improperly formed and lack compo-
nents necessary for fusion. Alternatively, GTP hydrolysis by
a distinct GTRbinding protein may be required for vesicles
to "mature" in preparation for fusion . GTPyS bound to this
"maturation" protein would prevent subsequent fusion of the
vesicle.
GTPyS was first shown to inhibit vesicular traffic in the
Golgiapparatus (Melançon et al., 1987). A quantitative EM
assay was used to show that GTPyS inhibits vesicle fusion.
Inhibited reactions display numerous nonclathrin-coated
vesicles which have completed budding and are loosely
bound to target Golgi cisternae (Malhotra et al., 1989). Sub-
sequent fusion requires uncoating before the action of NSF/
Secl8p (Orci et al., 1989). These results were used to con-
clude that GTP hydrolysis is required only for vesicle uncoat-
ing. However, an inhibition or delay of budding by GTPyS
may have been missed because of the difficultyof measuring
bud formation at very early time points in the incubation.
Three different small GTP binding proteins have been im-
plicated in protein transport from the ER in yeast. These are
Yptlp (Segev et al., 1988 ; Bacon et al., 1989; Baker et al.,
1990), Sarlp (Nakano and Muramatsu, 1989), and possibly
Arflp (Stearns et al., 1990). Phenotypic analysis of mutant
alleles of the three genes has not allowed assignmentof roles
in vesicular traffic for the members of this group.
A logical target of GTPyS in the budding reaction is Sarlp,
a ras-like GTP binding protein whose gene was cloned as a
multicopy suppressor of the sec12-1 mutation (Nakano and
Muramatsu, 1989). Recent experiments suggest that Sarlp
interacts directly with Secl2p (D'Enfert et al ., 1991) . As
Secl2p is implicated in budding it seems possible that GTP
binding or hydrolysis by Sarlp may facilitate some aspect of
Secl2p function in the budding reaction. A process such as
the recruitment ofsubunits of a coat structure could be facili-
tated by cycles of Sarlp-mediated GTP hydrolysis. GTP hy-
drolysis may accelerate, but not be required for the assembly
of such a coat structure.
Another ras-like GTRbinding protein, Yptlpacts at a dis-
tinct later step to promote targeting of vesicles to the Golgi
membrane. Yptlp antibody Feb fragments (Figs. 5 A and 6
227C) and yptl is mutant cytosol fractions (not shown), cause
slowly sedimenting transitional vesicles to accumulate. It is
unlikely that Yptlp functions to promote vesicle budding since
neither a is mutation in the protein nor polyclonal antibodies
against the protein inhibit vesicle release. Addition of fresh
cytosol and membranes fully restores transport from these
vesicles (Fig. 7; Fig. 8, A and B). Unlike the overall reaction,
the reversal of the Yptlp antibody block is not affected by
GTRyS (Fig. 8 A) . This implies that GTP hydrolysis by Yptlp
is not required to complete at least one cycle of targeting
mediated by this protein. In contrast to this conclusion,
mutations that inactivate GTP hydrolysis by Yptlp create a
secretory defect in vivo (Schmitt et al., 1986) . This apparent
contradiction may be reconciledby assuming that GTP bind-
ing is sufficientto sustain Yptlp function, while GTP hydro-
lysis may only be required to recycle protein from a com-
pleted docking or fusion event. Alternatively, GTP-bound
Yptlp may not exchange with GTP7S during the course of
a single transport event. The conditions ofour in vitro incu-
bation may not demand reuse of GTP-bound Yptlp.
SecProteinRequirementsforVesicleBudding
Vesicle budding requires only a subset ofthe proteins neces-
sary for an entire round of transport from the ER. Genetic
and cytological characterization led to the proposal that an
interacting group ofgene products, Secl2p, Sec13p, Sec16p,
and Sec23p are required for vesicle budding or some step be-
fore budding, and that Secl7p, Secl8p, and Sec22p perform
a role in vesicle fusion (Kaiser and Schekman, 1990). We
tested eachofthese mutants in vitroat 29°C, the highest tem-
perature that sustains full transport with wild-type compo-
nents. Only a subset ofthese mutants were sufficiently defec-
tive at this temperature to allow an evaluation of the nature
of the block. Incubations containing sec12 or sec23 compo-
nents show clear but delayed inhibition of the budding reac-
tion (Fig. 4, Band C) . This delay may simply reflectthe time
it takes for the mutant protein to become inactive at 29°C.
Sec12 mutant membranes display an unusual pattern of
budding at 29°C. After an initial normal 20-min period of
budding, rather than leveling off as observed in sec23 incu-
bations, slowly sedimenting core-gpaf appears to be con-
verted to a rapidly sedimenting form. This could mean that
defective vesicles are produced during the first minutes ofin-
cubation that are then readsorbed by the ER, or aggregate,
when mutant Sec12p becomes inactive. sec12 mutant mem-
branes did not lyse more readily than wild-type membranes
indicating that rupture and release of protease-accessible
core-gpaf is not responsible for this anomalous behavior.
The simple and quantitative separation of vesicle and ER
membranes by differential centrifugation provides a direct
assay for cytosolic and peripheral membrane proteins re-
quired for the budding event. In addition, rapid separation
of transitional vesicles budded from the ER provides a con-
venient source of membrane for purification and molecular
characterization of the transport vesicles. The existence of
a coat structure comparable to that found in Golgi-derived
transport vesicles may be assessed morphologically on tran-
sitional vesicle fractions obtained by any of the inhibitory
conditions described here.
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